Introduction
Surface tension of liquid alloys can be estimated by thermodynamic calculations. [1] [2] [3] [4] [5] [6] [7] [8] In the calculations, reliable reference data of the surface tension of the respective pure metal components of the liquid alloy system and its temperature dependence are important. 9) One of the most popular methods in surface tension measurements is the sessile drop method. Recently, from simulations based on Laplace equation, the authors showed that more reliable surface tension values could be obtained as the drop size increases, because the contour of the drop profile is distinguishable clearly to that of slightly changed surface tensions by Ϯ10 %. 10) The simulated results were confirmed with measurements of the surface tension of liquid metals having low melting temperatures such as Ga, Sn, Bi, In and Pb by using the constrained drop method with a large axi-symmetric drop in a special crucible as shown in Fig. 1(a) . In  Fig. 2 , the surface tension measurements of liquid Sn with changing the size of liquid metal drop were plotted as a function of temperature. In order to increase the size of the drop, various crucibles of different sizes (6 mm, 8 mm and 10 mm in diameter) were adopted. The deviation of the sur- face tension measurements reduced less than Ϯ1% with the crucibles of 8 mm and 10 mm in diameter. Originally, this founding had been reported by Ukraine researchers. Naidich et al. 11) early reported that the accuracy of surface tension measurements increased with applying the modified sessile drop method making a large axi-symmetric drop in a crucible. Recently, Lin et al. 12) and Morita et al. 13) reported that the accuracy of the surface tension measurements by the pendant drop method also increased with increasing the drop size. But these researches have focused only on the size itself. In our previous work, from the simulations the change in the surface profile due to the uncertainty in the surface tension was found to be dependent upon the capillary constant (ϭC.C.), the ratio of r (density)/s (surface tension), i.e., a liquid metal having the lower capillary constant has a tendency to form a more spherical shape, 14) of which the contour is more indistinguishable to that of the slightly changed surface tension. Thus, in order to measure the surface tension of liquid metals having low capillary constants by the sessile drop method, we should be careful to acquire a clear surface profile of the liquid drop. Since a metal of a low capillary constant usually has a high melting temperature, the surface tension measurements are often conducted with the X-ray radiographic images [15] [16] [17] [18] or the self-radiant images [19] [20] [21] [22] [23] (Figs. 1(b) and 1(c)). However, if the X-ray radiographic image or the self-radiant image is applied, it can be difficult to obtain the accurate information of the surface profile, which is most important in the analysis of the surface tension, because of the shallow penetration length of the X-ray beam through the surface of the sessile drop or the smooth change in the brightness across the metal surface, respectively. As a result, the experimental scattering of reported measurements has been more than Ϯ3-12%. In the present work, liquid Ag, Cu, Fe and Co, which have much lower capillary constants and higher melting temperatures rather than those metals in our previous work, were examined to determine the surface tension experimentally by the constrained drop method with large drops stabilized in a special crucible. (Table 1 shows C.C. of various metals at their melting temperatures.) This paper presents the developments in measurements of the surface tension of liquid metals having such low capillary constants with high precision by using the constrained drop method.
Simulation of the Shape of a Sessile Drop
The profile of a liquid drop is drawn from Laplace equation. (2) where s, R 1 , R o , f, Dr, g, x and z denote the surface tension, the curvature radius at a point of interest, the curvature radius at the apex, the turning angle, the difference in densities between the drop and the surrounding phase (in this case, the density of liquid metals), the gravitational constant, the horizontal position and the vertical position of the point from the apex. The details can be found in the literatures. 9, 10, 16, 19) In Fig. 3 , the comparison is shown of the simulated results of the surface profile between liquid Bi (C.C.ϭ26.59) and Fe (C.C.ϭ3.76) at their melting temperatures. In the previous contribution, 10) with a fixed height, the profiles of liquid metal drops were simulated when the surface tension value changes by Ϯ10 %. In a real case, however, it is more reasonable to compare the profile of the liquid drop at a constant volume, especially for the metals having low C.C. values. In the present work, therefore, the profiles of drops for liquid Bi and Fe have been drawn with fixing the volume of the drops. The surface tension and the density were quoted from ref. 24 . The volume of the liquid drops was assumed as 1.99, 4.98 and 12.94ϫ10 Ϫ8 m
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. As convinced in our previous work, with increasing the size of the liquid drop, its surface profile (solid lines) becomes more distinguishable to that plotted by changing the surface tension values by Ϯ10 % (dashed lines). It is also found that the surface profile of Fe is more indistinguishable than that of Bi at the same volume. Accordingly, the same accuracy in the surface tension of the liquid metals having lower C.C. such as Fe would be obtained with much larger samples than those of higher C.C. such as Bi. To get a clear surface image of a much larger drop is practically difficult. Hence, in the present work, we attempted to get a much clearer image by adopting a high-resolution CCD camera with a He-Ne laser.
Experimental

Apparatus and Materials
In the present work, the surface tension was measured by using a graphite-heating-element furnace (T Max. ϭ1 973 K) with a high-resolution CCD camera (1 636ϫ1 236 pixels) as shown in Figs. 4 and 5. A pixel corresponds to 8.824 mm with the CCD camera. A He-Ne laser rays (lϭ632.8 nm) along the X-XЈ axis (the investigating direction) was used to capture a much clearer image profile of the liquid metal drop. In order to investigate the level for the X-XЈ direction, another CCD camera along the Y-YЈ axis was applied. It was possible to level a graphite stage by adjusting three poles sustaining the furnace. The temperature was measured with a Pt-30 %Rh/Pt-6 %Rh thermocouple, which was set directly under the crucible. The temperature was controlled manually within Ϯ1 K. High purity metals (Ag: Ͼ99.99 mass%, Cu: Ͼ99.998 mass%, Fe: Ͼ99.998 mass% and Co: Ͼ99.998 mass%) were used. Graphite and alumina crucibles were used in the experiments with the samples of Ag and Cu, and those of Fe and Co, respectively, because carbon may dissolve in liquid Fe and Co, changing the surface tension values. 20, 25) During experiments, the reaction furnace was maintained in a strong reduction atmosphere by flowing 10%H 2 -Ar gas mixture, which was purified using columns of silica-gel, ascarite, cold-trap (dry ice-methanol) and Mg chips at 773 K to eliminate reported contaminants, essentially H 2 O, CO, CO 2 and O 2 , causing adsorption of oxygen to decrease the surface tension.
Chemical analysis after experiments showed that the oxygen content in Fe was less than 10 ppmw, which might not affect the surface tension values. It is considered that oxygen contamination for Ag, Cu and Co in the same atmosphere is much smaller.
Procedure
The sample metal was prepared as cylindrical pieces of 5-7 mm in diameter, and used after removing surface contaminants with a grit paper and washed in acetone using an ultrasonic cleaner. In order to make the melted sample settled stably in the crucible, the sample was sustained by an alumina tube as shown in Fig. 6 . After the sample assembly was placed at the center of the furnace, the reaction furnace was sealed and evacuated, and then the purified 10%H 2 -Ar gas mixture was introduced for 12 h. Then, the furnace was heated to the experimental temperature in 2-2.5 h. When the sample was melted, the alumina tube sustaining the sample was removed (Fig. 6) , and then the measurements were started. Figure 7 shows a schematic illustration of the triple point at the crucible tip. The tip of the crucible has a flat surface of less than 100 mm wide. At the edge of the crucible tip, the true local contact angle (q) remains constant, whereas the apparent contact angle varies between qϪ90 deg and qϩ45 deg. The optimum condition of measurements is the case of line 3, where the local contact angle and the apparent contact angle are the same. The shape of a large drop was investigated by the high-resolution CCD camera. Then, the surface tension of the liquid metal was calculated with a computer program.
26) The whole image processing sequences are shown in Fig. 8 . In Table 2 , a typical set of data of the surface profile in pixels is given. The displacement of the center from the mean value shows the distortion of the shape of liquid drop. As the height increases from 197 to 646 pixel, the displacement changes from Ϫ2 to ϩ2. From this, we may consider that the distortion of the image may be caused by the slight inclination of the crucible. The inclination of this sample is only 0.5 deg. (ϭtan
Ϫ1
(4/450)). In addition, the apparent contact angle of the right and the left are, respectively, 135.0 and 134.6 deg., which are coincident with the value obtained from the computer program, 134.2 deg. Accordingly, it can be concluded that the present method provides very accurate axi-symmetric surface profile of a large liquid drop.
Experimental Accuracy
In the present work, the dependence of errors upon the CCD's resolution was simulated for Fe, which has the lowest C.C. in this work, with two different CCD cameras; Type A (512ϫ512 pixel) and Type B (1 636ϫ1 236 pixel). When the Type A was employed, the maximum error caused for Fe by Ϯ1 pixel was calculated to be, 2.4 %, and that by Ϯ3 pixels was 6.4 %. However, when the Type B was employed, those for Fe by Ϯ1 and Ϯ3 pixels reduced to 1.1 % and 2.0 %, respectively. Accordingly, the maximum experimental error of the present work is less than Ϯ2% at most. (The experimental error decreases with increasing C.C.)
Results and Discussion
Surface Tension of Liquid Ag
Initially, the technique was applied to a well-known and well-determined standard metal at high temperatures: liquid Ag. In Fig. 9 , the value of surface tension of liquid Ag is shown with temperature. Solid circles and open circles are measurements of the present work using the constrained drop and the traditional sessile drop methods, respectively. Both data are within the scatter of reported values (solid lines 9, [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] in Fig. 8 : Every data referred in this contribution (Figs. 9, 11-13) was only those measured by the traditional sessile drop method.), but the deviation of experimental results using the constrained drop method is clearly smaller than those using the traditional sessile drop method. In Fig.  9 , the "suggested" s-T relation (dashed line) and the mean value of reported measurements after Keene 9) are also drawn for comparison. The temperature dependence of the surface tension in the present work is very closer to that after Nogi et al. 31) and the mean value of reported measurements after Keene than the "suggested" relation after Keene. Keene considered that the major error source in the surface tension measurements is the adsorption of surface active elements such as oxygen and sulfur on the surface of liquid metals, so that he decided the "suggested" relation based only upon the reported data having higher surface tensions. Recently, Jimbo and Cramb 16) pointed out that the surface tension of liquid metal could be highly estimated by about 13 % due to the inclination of the substrate for the direction of the investigation (X-XЈ direction in Fig. 5 ). In the measurements using the large drop, we adopted a CCD camera to investigate and adjust the level of the liquid metal along the Y-YЈ axis. Thus, it is considered that this error source was avoided enough by confirming the level with the program developed by Jimbo and Cramb.
16) The temperature dependence of the surface tension of liquid Ag is given by Eq. (3). Table 2 . Typical set of data points selected from the surface profile of liquid Ag in pixels. 
Effect of Using Laser on Experimental Accuracy
In surface tension measurements below about 1 473 K, a halogen lamp can be used as the light source making shadow image of the sessile drop. As temperature increases, however, the intensity of the self-radiation of the liquid metal drop increases, so that many researchers captured the image of the sessile drop using the self-radiation. [19] [20] [21] [22] [23] However, as addressed before, to get a clear image of the drop profile, the interface between the sessile drop and the surroundings atmosphere should be clearly distinguished. In order to get a sharp threshold of the sessile drop image, a He-Ne laser was used as the light source in the present work. Due to strong intensity of the He-Ne laser, a special light filter as shown in Fig. 4 was applied. In Fig. 10 , the brightness changes at the interface between the sessile drop and the surroundings (a) with laser and (b) without laser are given. It is found that the brightness at the interface for the image obtained by using a He-Ne laser changes linearly, whereas that by using a self-radiant image shows a smooth curve. As a result, the interface obtained for different positions by using the self-radiant image yields different threshold intensities, which made it difficult to decide the whole interface profile with a constant threshold value. In order to understand the effect of the slow change of the brightness in the self-radiant image, the difference in the surface tension values by intentional changes in the brightness value by Ϯ5, Ϯ10 and Ϯ20 from the threshold value was computed. Calculated deviations are shown in Table 3 . With a laser image, the change in the surface tension is less than 0.41 %, whereas 1.3 % with a self-radiant image. In Fig. 11 , the surface tension measurements of liquid Cu with and without laser are plotted. Solid circles and open circles represent data with and without laser, respectively. The experimental scatter without laser is within 8.0%, but that with laser decreases to 2.0 %. The temperature dependence of the surface tension of liquid Cu with laser is given by Eq. (4). Fig. 12 ), the experimental scatter is within Ϯ6.8 %. The measurements by using the constrained drop method decreased the scatter to within Ϯ2.4. The experimental scatter of the surface tension of liquid Co was within Ϯ3.0 %. The temperature dependence of the surface tension of liquid Fe and Co obtained in the present work is given as follows: The temperature dependence of the surface tension of liquid Cu, Fe and Co shows relatively smaller or higher values than the suggested values.
Conclusions
(1) The effects of the size and the capillary constant of a drop on the accuracy of measuring the surface tension of liquid metals were simulated using Laplace equation. It was found that the accuracy of the surface tension would increase with increasing the size and capillary constant.
(2) By adopting a high-resolution CCD camera, a He-Ne laser and a CCD camera to adjust the level of the liquid metal drop, the experimental accuracy of measurements of the surface tension increased. 24) )
